Abstract. The importance of epigenetic alterations such as DNA methylation, histone modification and nucleosome remodeling in breast cancer is well established. Epigenetic alterations are reversible, and much research has been focused on understanding these alterations with the aim of developing effective therapies. Prostate-derived Ets factor (PDEF) is a member of the Ets family of transcription factors and has long been under investigation for its key role in tumor development and progression. To date, no studies have been conducted to elucidate the epigenetic modifications of PDEF in cancer progression. Using breast and prostate cancer cells, we investigated the effect of the methylation inhibitor 5' azacytidine (AZA) on the expression of PDEF in these cells. The inhibition of methylation observed was specific to breast cancer cells as experiments with prostate cells did not exhibit any significant change. Notably, the expression of p21, a cyclin-dependent kinase (CDK) inhibitor 1 and also a target gene of PDEF, was found to be positively correlated with PDEF expression following 5' AZA treatment. Inhibition of methylation led to a decrease in the proliferation rate of MDA-MB-468 cells as revealed by MTT proliferation assay. Other epigenetic alterations such as histone modifications were not observed in these breast cancer cells following treatment with specific HDAC inhibitors. Our data suggest the possibility of epigenetic modification of PDEF due to DNA methylation and involvement of the cell cycle inhibitor p21. Future studies on the epigenetic alterations of PDEF in correlation with p21 or other targets may facilitate the development of effective therapies for the treatment of breast cancer.
Introduction
Epigenetic alterations have long been implicated in both the development and progression of human cancer (1) . Epigenetic changes such as DNA methylation, histone modification and nucleosome remodeling refer to stable alterations in gene expression with no underlying modifications in the genetic sequence itself (2) . In contrast to genetic mutations, epigenetic alterations are intrinsically reversible (3) and hence, much research has been focused on understanding the alterations with the aim to develop effective therapies. DNA methylation is the foremost type of epigenetic modification and is well characterized in human breast cancer (4) . Breast cancer is one of the leading causes of death in the US and an increasing number of cases per year are reported. Thus, there is an urgent need to design effective therapies to overcome this disease (5) .
Ets family members are characterized by an evolutionarily conserved DNA binding domain called the Ets domain and control key cellular processes, including proliferation, differentiation and apoptosis (6) (7) (8) (9) (10) . hPDEF (prostate-derived Ets factor/prostate-specific Ets or PSE), is one Ets family member in particular that has been intensely investigated for its role in cancer development and progression. Initial reports indicate that PDEF acts as an oncogene (11) (12) (13) . However, more recent studies suggest that PDEF possesses a tumor-suppressing function (12, 14, 15) . Despite these findings, it is still not known how PDEF suppresses tumor progression. Most of the research conducted to date has used in vitro studies or correlative immunohistochemical analytic methods to evaluate the role of PDEF in cancer progression (11, 12) .
We undertook the present study, considering the importance of epigenetic alterations in understanding breast cancer and the lack of studies involving epigenetic modifications of PDEF in breast cancer. Using the breast cancer cell line MDA-MB-468, we provide evidence that PDEF undergoes epigenetic modifications such as DNA methylation and is positively correlated with the expression of its target gene p21. These findings provide further understanding of the mechanisms of breast cancer progression and facilitate the evaluation of options for designing effective therapies to treat breast cancer. , VPA and NaB) monolayers of cell were washed twice with ice cold PBS, and then cell lysates were prepared using RIPA buffer with protease inhibitor mixture (Thermo Fisher Scientific). Cellular debris was cleared by centrifugation, and the protein concentration was determined using the BCA protein assay kit (Pierce).
Materials and methods

Chemicals
Western blot analysis. Equal amounts of protein lysates were separated by 10% SDS-PAGE, transferred to a PVDF membrane (GE Healthcare) and subsequently blotted with the anti-PDEF antibody (15) , actin (A2066; Sigma) and acetyl H4 (H9164; Sigma). HRP-labeled goat anti-rabbit polyclonal antibody was used as a secondary antibody, and proteins were visualized with an enhanced chemiluminescence substrate kit (Pierce). Actin and H4 were used as the loading control as required.
Isolation of RNA and RT-PCR.
Total RNA was isolated from the cell lines after treatment with 5'AZA (1 µM) or TSA (0.5 µM) for 24 h using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. A two-step RT-PCR was used to analyze the mRNA expression of PDEF (15) . cDNA was created using oligo(dT) primer and the Moloney murine leukemia virus reverse transcriptase (MMLV-RT) enzyme according to the manufacturer's instructions (Invitrogen). Standard PCR techniques were then conducted with genespecific primers.
3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) in vitro proliferation assay.
As previously described (16), MDA-MB-468 cells were seeded at 1,000 cells/well in a 96-well dish and allowed to grow at 37˚C with 5% CO 2 . The following day cells were treated with the methylation inhibitor 5-AZA-2'-deoxycytidine at one single dose of 1 µM. Growth was assayed for 5 days; every day 10 µl/well of MTT reagent (5 mg/ml) was added and incubation was carried out at 37˚C with 5% CO 2 for 3 h. The medium was aspirated, and 100 µl of DMSO was added and mixed until a purple color formed. The cell samples were measured using a plate reader at 570 nm. All experiments were conducted in triplicates.
Statistical analysis. All the experiments were carried out for minimum of three times or as mentioned. Statistical analysis was based on a minimum of three replicates using Microsoft Office Excel. The results were considered significant when the P-value was <0.05.
Results
Expression levels of PDEF in the different breast and prostate cancer cell lines.
In order to investigate the epigenetic alterations of PDEF, we analyzed the expression of PDEF protein in various breast (MCF7, MDA-MB-231 and MDA-MB-468) and prostate (CWR22Rv1 and PC3) cancer cell lines. All of the cell lines tested expressed PDEF protein except for the breast cancer cell line MDA-MB-468 (Fig. 1) . Observation of undetectable PDEF protein expression in MDA-MB-468 human breast cancer cells encouraged us to use these cells as the cellular model for further epigenetic studies.
Inhibition of DNA methylation enhances PDEF expression in MDA-MB-468 cells.
To further investigate the epigenetic modifications of PDEF, we treated the MDA-MB-468 cells with a DNA methylation inhibitor 5'AZA. 5'AZA has been widely used in epigenetic research as an inhibitor that blocks DNA methylation to occur (17) . Dose-dependent studies for 24 h revealed that expression of PDEF was enhanced at a dose of 0.1 µM of 5' AZA up to a dose of 2.5 µM (Fig. 2) . We also studied the effect of 5'AZA treatment at the same doses in CWR22Rv1, a prostate cancer cell line, which exhibits weak PDEF protein expression (Fig. 1, lane 1) in comparison to the other cell lines used in the study. CWR22Rv1 cells did not show any significant change following treatment with the methylation inhibitor 5' AZA at the same 24-h time-point (Fig. 3) . HDAC inhibitors such as TSA, SAHA, sodium butyrate, valproic acid and nicotinamide are able to cause epigenetic changes and regulate gene expression (18) (19) (20) . However, we did not observe any significant effect of these HDAC inhibitors on PDEF gene expression in the MDA-MB-468 and CWR22Rv1 cells at different times and dosages (data not shown). These observations clearly indicate that PDEF undergoes DNA methylation as an epigenetic alteration in breast cancer cells. 
5' AZA treatment significantly inhibits the proliferation rate of MDA-MB-468 cells in vitro.
To further investigate the functional effects of 5' AZA treatment on cell proliferation in vitro, MDA-MB-468 breast cancer cells were treated with 5' AZA. The cells were treated with 5'AZA at a concentration of 1 µM, and the proliferation rate was analyzed by MTT assay for a 5-day time period. As shown in Fig. 4 , 5' AZA treatment led to a significant decrease in the proliferation rate of MDA-MB-468 cells when compared to the controls (DMSO-treated cells). These data indicate that PDEF expression may interfere with the epigenetic modifications such as DNA methylation of mammary tumor cells to decrease or slow the growth or proliferation rate of these cells.
Analysis of the protein level of the cell cycle inhibitor p21
and its correlation with PDEF expression. PDEF controls cell proliferation and mammary tumor progression by transcriptional regulation of the cell cycle inhibitor p21/CIP1 (15) . To determine the correlation of PDEF and its target gene p21, expression of p21 was determined in MDA-MB-468 cells following 5' AZA treatment. As shown in Fig. 5A , an increased expression of p21 was observed following the same expression pattern as that of PDEF. The p21 protein level was increased following 5'AZA treatment at a range of doses from 0.1 to 2.5 mM (Fig. 5B) .
Discussion
PDEF, a member of the Ets family, has been studied intensively since its initial discovery in 2000 (13) . The role of PDEF in normal growth and development as well as in disease states such as cancer is well established (6) (7) (8) 10) . We previously demonstrated a tumor-suppressive role of PDEF in mammary tumor progression and demonstrated the transcriptional regulation of cell cycle inhibitor p21/CIP1 by PDEF (15) . In another study, using iTRAQ labeling and proteomic analysis methods the importance of PDEF was established in prostate cancer cells. We demonstrated an association between stathmin, a microtubule-associated protein and PDEF in prostate cancer progression (16) .
Epigenetic silencing of a gene can be reversible and therefore, can reactivate gene expression. In the present study, we provide evidence for the epigenetic modifications of PDEF in an in vitro experimental system. After examining various breast and prostate cancer cell lines, we found that only MDA-MB-468 cancer cell line showed no detectable PDEF protein expression (Fig. 1) . Thus, we considered the MDA-MB-468 cancer cell line suitable for studying the epigenetic modifications of PDEF gene expression. The MDA-MB-468 cell line was treated with the well-known DNA methylation inhibitor 5'AZA. 5'AZA has been used in many studies and has also been used in cancer therapy (21, 22) . We observed a dose-dependent enhancement in the PDEF protein expression in MDA-MB-468 cells following 5' AZA treatment (Fig. 2) . However, with higher concentrations of 5' AZA treatment the PDEF protein expression was reduced. One of the reasons for this reduction could be ubiquitin degradation or 5'AZA toxicity to the cells at higher doses. Notably, DNA demethylation of PDEF was found to be more specific to the MDA-MB-468 breast cancer cell line, as DNA demethylation in the prostate cancer cell line CWR22Rv1 did not show any significant effects (Fig. 3) . We further analyzed other epigenetic modifications such as histone acetylation or deacetylation in both the MDA-MB-468 human breast cancer cell line and CWR22Rv1 human prostate cancer cells and did not see any significant changes (data not shown). PDEF in the present study only displayed DNA methylation alteration specific to MDA-MB-468 breast cancer cells. This clearly suggests that in a mammary tumor in vitro experimental design, PDEF exhibited DNA methylation modification.
PDEF has been shown to be associated with many different target genes, such as p21/CIP1, maspin, survivin, p62 and PSA (23) (24) (25) (26) (27) (28) , to exert its effects based on the co-receptors present and the internal cell environment. In the present study, with human breast cancer cells, PDEF acted as an inhibitor of cell proliferation (Fig. 4) . DNA methylation inhibitors have already been used in clinical trials as single-molecule agents and in combinatorial therapies (29) (30) (31) . The fact that PDEF undergoes DNA methylation reveals the importance to study the underlying mechanism of this epigenetic alteration and the role of PDEF and its correlation with p21 as a target gene.
In conclusion, this is the first report to demonstrate that PDEF undergoes DNA methylation in breast cancer cells. The present study provides insight into the mechanisms involved in the DNA methylation of PDEF. Our report unravels the possibility of further research into the epigenetic DNA methylation of PDEF and the target genes involved in this process in the aim of designing effective and specific PDEF cancer therapeutics.
